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Abstract 

In the liver, Plasmodium sporozoites experience a radical transformation to a highly 

replicative trophozoite as means of adaptation to exploit the nutrient-rich environment within 

hepatocytes. Recent microscopy studies have unveiled that the metamorphosis of the sporozoite 

is linked to the elimination of invasion organelles such as micronemes through an unconventional 

secretion process that utilizes the autophagy machinery and the endocytic pathway. We 

developed a hypothetical model referred to as “exophagy” from microscopic observation and 

analysis that suggests proteins such as autophagy related protein 8 (ATG8), Golgi reassembly and 

stacking protein (GRASP), and vacuolar protein sorting-associated protein 4 (VPS4), known to 

play a role in phagophore elongation, autophagosome tethering to MVB, and amphisome scission 

away from the plasma membrane and into the PV lumen, respectively, are important for the 

unconventional secretion of micronemes. Moreover, is it possible that the role of VPS4 in the 

scission of membranes could be an essential step for the clearance of micronemes and therefore 

the intrahepatic development of Plasmodium. Consequently, to understand the function of VPS4 

as the parasite metamorphoses in the liver, we generated a PbVPS4 (Plasmodium berghei VPS4) 

knockout parasite by complete gene deletion, a functional PbVPS4 knockout by deleting the 

ATPase domain essential for the catalytic activity of the enzyme and mEmerald tagged PbVPS4 

reporter protein construct. Additionally, we observed the localization of PbVPS4 at multiple 

timepoints post-hepatocyte infection by immunofluorescence microscopy.



iii 

In conclusion, our immunofluorescence microscopy experiments illustrated PbVPS4 as it expands 

into a substantial tubule-vesicular network with partial overlap with PbATG8 by 48 hpi of 

hepatocytes which suggests a continuous VPS4 expression during metamorphosis and later 

throughout hepatic development. More importantly, it appears VPS4 is a non-essential gene as 

neither the complete nor partial deletion of VPS4 produced an observable lethal phenotype in a 

heterogeneous population of Plasmodium berghei. 

 

Principal Investigator: Dr. Isabelle Coppens, PhD  

Secondary reader: Dr. Photini Sinnis, MD  
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Introduction   

Malaria Epidemiology 

Malaria (from Middle Age Italian, “mala aria,” which translates to “bad air,” since 

ancient populations believed that the disease was associated with swampy, marshy areas 

where the air smelled bad) is a vector-borne parasitic disease described as early as the 4th 

century BC in medical textbooks. Malaria is responsible for significant socio-economic burdens 

and is recognized as the leading cause of childhood mortality in numerous developing 

countries1. Classical malaria disease manifests through debilitating fevers and anemia caused by 

the infection of parasites from the genus Plasmodium. Being endemic to tropical and 

subtropical areas of the world, approximately 40% of the global population is at risk of malaria 

infection. Global mortality from malaria reached a critical point in 2004, with an estimated 

1,817,000 deaths2. Subsequent implementation of malaria public health campaigns scored a 

significant reduction by 2017-2018 with 416,000 and 405,000 deaths worldwide, respectively3. 

The decline in malaria burden was achieved through vector control and distribution of 

antimalarial drugs to affected populations focusing on countries where malaria is most 

intractable. By 2020, global progress against malaria had plateaued as the Covid-19 pandemic 

disrupted malaria public health campaigns. 

Consequently, in the African region, the WHO noted an increase of 12% in malaria cases 

estimating 241 million cases and 627,000 deaths, with 96% of the total malaria deaths localized 
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to sub-Saharan Africa3. Malaria deaths could have doubled in sub-Saharan Africa in 2020, but 

many countries strengthened their programs4. To improve the trajectory of malaria public 

health campaigns, the WHO and its stakeholders enriched domestic and international 

investments to guarantee equal opportunities for malaria prevention, diagnosis, and 

treatment4. Ultimately, it reduced endemic countries from 108 to 91 through deliberate 

intervention practices targeting transmission stages during the period mentioned previously.  

Malaria Prevention  

When it comes to preventative care, RTS,S/AS01 or known by its trade name Mosquirix, 

is the first and only existing malaria vaccine to be assessed in routine immunization programs in 

malaria-endemic countries5. During its Phase 3 trial, RTS,S demonstrated an efficacy of 36% in 

children 5-17 months after four doses4. Studies have predicted that implementation of the 

vaccine will avert 116,480 cases of clinical malaria and approximately 484 deaths per 100,000 

children vaccinated4.  

Malaria in humans is transmitted by mosquitoes of the genus Anopheles. Understanding 

the vector is critical for the success of malaria prevention. The climate strictly dictates the 

habitat of these mosquitoes. Rainfall in conjunction with a warm climate is essential for 

mosquito and therefore parasite survival. Anopheles feeding patterns can be characterized as 

crepuscular (active in twilight) or nocturnal (active at night)6. Only the female mosquitoes feed 

on blood as it is indispensable for ovum production. Following a blood meal, some mosquitos 

preferably rest outdoors (exophilic) meanwhile others prefer to rest indoors (endophilic)6. 

Indoor Residual Spraying (IRS) and Insecticides Treated Nets (ITN) are the front line of defense 
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against endophilic mosquitoes. In addition to the previously mentioned, exophilic vectors are 

being eliminated by destroying larva/mosquito habitats outdoors. Integrated Vector 

Management (IVM) allows us to use these tools synergistically to target vector behavior to stop 

transmission in endemic areas. Over time, these approaches contribute to the development of 

mosquito insecticide resistance, leaving these methods less effective. 

Malaria Diagnosis 

Accurate diagnosis of malaria cases is imperative for the effectiveness of a malaria 

public health campaign. The diagnosis of malaria may vary depending on the epidemiological 

setting. In endemic countries, the Malaria rapid diagnostic tests (mRDTs) are being used 

because of the fast, cost-effective, and simplicity of testing and result interpretation. Another 

advantage is their capacity to lower the expense of treating febrile illnesses that are not caused 

by malaria. However, due to its low specificity, current WHO guidelines require microscopic 

confirmation.  

Diagnostically, microscopy is the gold standard because of its low false-positive rate of 

8.9% compared to mRDTs (42.2%) and its capacity to measure treatment effectiveness, making 

it indispensable in high transmission areas for diagnosis7. On the flip side, microscopy is more 

specific but is unable to detect parasite loads at or below 4-20 parasites/microliter of blood. In 

cases where sub-microscopic parasitemia is suspected, diagnosis can be carried out by PCR. The 

PCR method is more specific and sensitive at detecting malaria when compared to mRDTs or 

microscopy, and it can quantify parasite DNA. However, PCR is logistically not feasible for 

detection in endemic settings.  
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Malaria Treatment & Resistance  

Quinine, an alkaloid isolated from the bark of the cinchona tree, was the first 

therapeutic drug against malaria in the 17th century. Over time, the scarcity of quinine 

prompted the search for alternative antimalaria drugs, which led to the development of 

chloroquine in the 1930s8. The first chloroquine-resistant Plasmodium parasites appeared in 

Thailand about three decades after its introduction as an anti-malarial. By the 1970s, 

chloroquine resistant parasites had been observed in South America, and South and Southeast 

Asia. As mortality surged due to the emergence of drug-resistant parasites, alternative 

synthetic drugs such as the combination sulfadoxine-pyrimethamine and mefloquine were 

adopted to treat malaria8. Due to the continuous emergence of resistant parasites, the drug 

Artemisinin extracted from sweet wormwood was rediscovered in China, which ultimately 

became available globally by the end of the 20th century. Artesunate, an artemisinin derivative, 

is now the primary line of defense against malaria infection in the modern era. Despite current 

efforts to prevent the development of artemisinin resistance in Plasmodium, resistance has 

been observed in southeast Asia9 . Therefore, the first line of treatment against malaria 

infection consists of a full course of oral artemisinin-based combination therapy (ACT) to 

prevent parasites from gaining resistance to artesunate9.  

Plasmodium Life Cycle 

Only 5 Plasmodium species are associated with human infection.  Among these species, 

P. falciparum accounts for the majority of severe malaria cases and deaths. P. vivax, previously 

underestimated, is now considered the primary cause of malaria outside of sub-Saharan 
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Africa10. P. knowlesi is a zoonotic strain affecting southeast Asia, more specifically Malaysia, 

where it has been observed to cause severe disease11. Ultimately, P. malariae, and P. ovale 

curtisi manifest as less significant diseases.   

The Plasmodium spp. life cycle requires cycling between two hosts, the female 

Anopheles mosquito is the definitive host and vertebrates are the intermediate host (Fig. 1). 

Inside the mammalian host, sporozoites infect hepatocytes, where they develop and divide into 

hepatic merozoites, which then enter the bloodstream, invade RBCs and begin the asexual 

reproduction stage.  Within the RBC, the merozoite degrade hemoglobin to promote 

maturation into a schizont. Some blood stage merozoites differentiate into gametocytes, which 

are taken up by mosquitoes during a blood meal. In mosquito midgut male gametocytes 

fertilize female gametocytes, forming a zygote12. The zygote develops into an ookinete that 

penetrates the luminal wall of the mosquito’s gut and migrates to the basal wall creating an 

oocyst13. Upon rupture, the oocyst releases sporozoites, which migrate to the mosquito’s 

salivary gland14. 

As the mosquito probes for blood, it injects tens to hundreds of sporozoites into the 

host dermis. This invasive form is highly motile, slender with a robust cytoskeleton constituted 

by subpellicular microtubules and flattened membranes cisternae that form the inner 

membrane complex (IMC)15 beneath the plasma membrane. Their robust cytoskeleton allows 

sporozoites to maintain their morphology as they penetrate tissues to reach the vasculature. In 

addition, transmembrane adhesive protein Trap-like protein (TLP) facilitates the sporozoites 

egress from the dermis into the vasculature16. In the bloodstream, sporozoites cross the 
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sinusoidal barrier composed of fenestrated endothelial cells and Kupffer cells through cell 

traversal, finally invading one liver cell17.  

Upon contact with the hepatocyte, heparan sulfate proteoglycans (HSPGs) on the 

surface of hepatocytes are recognized by circumsporozoite protein (CSP) and thrombospondin-

related anonymous protein (TRAP) on the surface of sporozoites, stimulating the invasion of 

hepatocytes18. The content of micronemes and rhoptries are released, promoting adhesion to 

the hepatocyte and the formation of the parasitophorous vacuole (PV), respectively. The PV is a 

selectively permeable membrane-bound compartment preferentially associated with the host 

endoplasmic reticulum that encapsulates the sporozoite protecting it from lysosomal 

degradation. Moreover, the PV facilitates the scavenging of host nutrients in the nutrient-rich 

cytosol of the hepatocyte (Fig.2)19.  

As the sporozoite establishes itself within the PVM intrahepatic niche, it 

metamorphoses into a highly reproductive, circular trophozoite. The newly generated 

trophozoite undergoes schizogony transforming into a syncytium of mitotically active nuclei. 

Subsequently, cytoplasmic division initiates biogenesis of erythrocyte invasion organelles and 

reconditions its membrane to produce thousands of mature merozoites, which ultimately 

rupture the PVM20. Maturation time within the hepatocyte can last up to 3 days for a rodent 

malaria parasite such as P. berghei and as long as 10 days for P. falciparum in humans. Upon 

the completion of intrahepatic development, bundles of merozoites bud off from the 

hepatocyte membrane into the vasculature in vesicles called merosomes. The merozoites burst 

out of merosomes in the bloodstream and infect RBCs, starting the asexual blood stage cycle. 
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During RBC infection, the parasite cycles through successive stages of ring, trophozoite, 

and schizont, as it feeds and reproduces about 16 merozoites in a single RBC. Serine proteases 

in the mature schizont lyse red cells and degrade the PVM, releasing merozoites into the blood 

to re-start the cycle21,22. The erythrocytic stage is responsible for all symptoms associated with 

malaria infection. During the erythrocytic stage, gametocytes are produced in a low abundance. 

Subsequently, gametocytes are taken up by a mosquito during a blood meal, giving rise to the 

sexual cycle and completing its life cycle. 

Metamorphosis of sporozoite to liver forms utilizing an autophagy-like 

process  

The sporozoite metamorphosis within the hepatocyte is a mechanism of adaptation in 

which the parasite transitions to a replication-competent trophozoite capable of exploiting the 

nutrient-rich cytosol of the host cell. The drastic phenotypic changes observed in the first 24 

hours of hepatocyte invasion of Plasmodium berghei sporozoites correspond to the disassembly 

of the IMC and the clearance of superfluous organelles20. As it metamorphoses, the parasite 

extremities are shortened as a protrusion develops in the center of the cell, which co-localizes 

to the position of the nucleus as a result of IMC disassembly20,23. Eventually, the cytoplasm 

causes the distention of the plasma membrane until the parasite becomes completely spherical 

(Fig.3)20.  

In tandem, micronemes are diffused throughout the sporozoite cytoplasm and are 

compartmentalized in double-membrane vesicles, resembling strikingly autophagosomes, and 

eventually observed in the PV lumen. Additionally, vesicles containing micronemes can be 
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observed anchored in portions of the plasma membrane lacking the IMC, suggesting that the 

dismantling of the IMC permits exocytosis of vesicles containing micronemes20. Thus far, there 

is no evidence backing the existence of degradative compartments such as lysosomes; 

therefore, we can infer that the transforming parasite employs a secretory process, possibly 

involving the autophagy machinery, to clear micronemes during metamorphosis (Fig. 4).  

Autophagy is a homeostatic system involved in the turnover of misfolded proteins, 

clearing of intracellular pathogens, and damaged organelles into amino acids. Notwithstanding 

its activation by stress responses, autophagy is ubiquitous in cell development and critical for 

cell differentiation24. Autophagy’s mechanism of action varies as it can occur as chaperone-

mediated autophagy (CMA), microautophagy, and macroautophagy. Chaperone-mediated 

autophagy is a non-vesicular targeted mechanism, where the proteins are recognized and 

delivered to the lysosome by chaperone proteins24. In other cases, cargo can be engulfed by 

invagination of the lysosomal membrane, such as in microautophagy24. Macroautophagy 

employs a double membrane vesicle termed autophagosome, which encapsulates cytoplasmic 

cargo as an intermediary before fusing with the lysosome25.  

The autophagosome is the product of a phagophore which originates from regions on 

the ER enriched with phosphatidylinositol 3-phosphate called omegasomes26. A phagophore is a 

newly formed double membranes elongated by the autophagy machinery to encapsulate 

cytoplasmic material such as organelles and aggregated proteins. This process is overseen by 

autophagy-related proteins (ATG), a family of proteins essential for the biogenesis and 

elongation of the phagophore and the formation of the autophagosome. Of the approximately 



  

  
 

 9 

40 autophagy-related genes found in yeast genetic screens, only about 15 genes required for 

vesicle development have orthologs in the Plasmodium genome 30.  

This includes the ubiquitin-like protein atg8, this protein is the core of the ATG8-

conjugation system (atg3, atg4, atg7, and atg8) which promotes the elongation of the 

phagophore through vesicle coupling. Immunofluorescence microscopy data on Plasmodium 

liver forms demonstrated the localization of atg8 to the outer membrane of the apicoplast, a 

plastid found in most apicomplexans essential for fatty acids biosynthesis31. Consequently, 

conditional depletion of P. falciparum atg8 (PfATG8) abolished apicoplast biogenesis during 

blood-stage infection32, suggesting atg8 involvement in an autophagy-independent mechanism 

of apicoplast proliferation. Furthermore, double immunostaining for TRAP and PbATG8 reveals a 

significant overlap of micronemes with PbATG8 autophagic vesicles at 22 hpi of hepatocyte 

suggesting PbATG8 involvement in microneme clearance (Fig. 5)31. Ultimately, the 

overexpression of P. berghei atg8 during the liver stage delayed microneme clearance and 

generated non-infectious hepatic merozoites, supporting the idea of an autophagy-mediated 

non-degradative secretory mechanism used for microneme clearance33. 

Golgi reassembly and stacking protein 

In eukaryotes, the conventional secretion mechanism permits polypeptides containing a 

leader sequence to enter the endoplasmic reticulum (ER) and later be transported to the Golgi 

apparatus as they become mature proteins. In the Golgi apparatus, mature proteins bud off in 

vesicles directed to the cell membrane where they are expelled into the extracellular space by 

vesicular membrane fusion. Conversely, the unconventional protein secretion (UPS) mechanism 
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does not require a leader sequence and can often bypass the Golgi complex on route to the cell 

surface34. The Golgi reassembly and stacking protein (GRASP) is known in eukaryotes to tether 

the Golgi cisternae to its characteristic stacked structure has also been recognized as a modulator 

of the unconventional secretion of numerous proteins as a response to cellular stress, starvation, 

and inflammation35. For instance, IL-1 β is unconventionally secreted through autophagosomes 

in macrophages35,36. Interestingly, IL-1β secretion was reduced when GRASP proteins were 

knockdown validating GRASP as a modulator of unconventional secretion mechanism35,36. 

Vacuolar protein sorting-associated protein 4 

Furthermore, vesicle-packed organelles called multivesicular bodies (MVB) have been 

shown to play a role in the unconventional secretion of numerous proteins including IL-1β35,36. 

These organelles act as distribution centers for vesicular trafficking and have the capability to 

fuse directly to the plasma membrane to release contents to the extracellular space. The dynamic 

environment of MVB is mediated by the endosomal sorting complex required for transport 

(ESCRT) complex constituted by ESCRT-0, I, II, III, a family of proteins and vacuolar protein sorting-

associated protein 4 (VPS4)37. In the canonical pathway ESCRT 0 better known as ALIX promotes 

sorting into the MVB by recruiting ESCRT-I, ESCRT-I recruits and complexes with ESCRT-II creating 

an invagination on the membrane, ESCRT-III assembles into a membrane-bound filament that 

promotes membrane constriction, and VPS4 ATPase ATP hydrolysis simultaneously powers 

membrane scission and disassembly of ESCRT-III filaments37,38.  ESCRT-III and VPS4 are considered 

the core machinery and as such they can perform the minimal functions of constriction and 
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fission of membranes 37. Moreover, the ESCRT III/VPS4 module has been shown to mediate 

membrane abscission in cytokinesis, viral budding during HIV infection, and MBV biogenesis38. 

Based on the evidence presented thus far, the Coppens lab has established a hypothetical 

model for microneme clearance utilizing exophagy (Fig.6). The model suggests that the apicoplast 

is the source of the lipid-bilayer membrane containing ATG8. ATG8 elongates the lipid bilayer 

encapsulating micronemes as GRASP is concomitantly directed to the developing phagosome 

from the Golgi forming an autophagosome. Subsequently, the autophagosomes fuse with the 

MVB creating amphisomes. Lastly, the amphisomes fuse with the cell membrane effectively 

transporting the cargo to the PV lumen. 

Aim 

Given VSP4 hexameric ATPase activity, the Coppens lab recognizes its importance as a 

potential regulatory step driving the scission of membranes and the biogenesis of MVB that 

appear to be involved in microneme clearance and perhaps support the metamorphosis of the 

parasite within the liver. Therefore, the objective of this study is to characterize the function of 

VPS4 throughout the metamorphosis of the Plasmodium berghei in the liver by generating a 

viable VPS4 knockout and analyzing VPS4 localization and distribution in the developing parasite 

by immunofluorescence microscopy. 
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Materials and Methods  

Animals, parasite strains, mammalian, and bacterial cells  

Five to 6 weeks old female Swiss-webster mice (Charles River, USA) were used for all in 

vivo infection experiments.  All animal research was carried out according to the Johns Hopkins 

Animal Care and Use Committee protocol number MO19H282. The mice were housed in the 

animal facility of the school and fed ad libitum. Plasmodium berghei ANKA strain was selected as 

the backbone for the development of transgenic parasites to study Plasmodium intrahepatic 

development. In-vitro liver-stage studies were performed on Hepa1-6 murine hepatoma cell line 

(ATCC, CRL-1830) culture on Dulbecco's Modified Eagle’s Medium (DMEM) supplemented with 

10% Fetal Bovine Serum (FBS), 2mM glutamine, 100 units/mL Penicillin – 10 µg/mL Streptomycin 

(P/S). Lastly, One Shot® TOP10 (Thermo Fisher, C404010), E. coli were used as chemically 

competent cells for cloning and propagation of recombinant vector construct. 

In vivo sporozoite culture 

Plasmodium berghei-ANKA sporozoites were cultivated using Anopheles stephensi 

mosquitoes as a vector.  Naïve mosquitoes 4 days old underwent a 24hrs of fasting before being 

allowed to feed for 30 minutes from two infected Swiss-Webster mice with 4-5% parasitemia. 

Midway through the feeding process, the mice were moved to different positions to expose new 

feeding areas to mosquitoes. Subsequently, the blood-fed female mosquitoes were enriched 

from the mixed population through a 2-day fasting period. The salivary glands from female 
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mosquitoes were dissected from day 21-24 following the blood meal and disrupted in Hank’s 

Balance Salt Solution containing 2% FBS using a 27.5-gauge needle to release sporozoites. 

PbVPS4 and PbATG8 immunofluorescence assays 

The murine hepatoma cell line Hepa 1-6 was used to study VPS4 and ATG8 localization in 

Plasmodium berghei during liver stage development. To do so, Hepa 1-6 cells were seeded in a 

24 well plate containing coverslips at a density of 1.5 x 105 cells/well. The following day, each well 

was inoculated with 3x104 sporozoites, the plate was spun down at 1,500 RPM for 5 minutes, and 

sporozoites were allowed to invade at 37°C for 2 hours.  Subsequently, the media was aspirated, 

each well was washed with 100 units/mL Penicillin – 10 µg/mL Streptomycin in pre-warmed PBS, 

culture media (DMEM 10% FBS, 2mM glutamine, and 100 units/mL Penicillin – 10 µg/mL 

Streptomycin (P/S) was added, and plates were incubated at 37°C.  At 6, 12, 24, and 48 hpi, a pair 

of wells were fixed with a fixative solution (4% paraformaldehyde, and 0.0216% glutaraldehyde 

in PBS) for 15 minutes, washed twice, and stored at 4°C in PBS.  

Once fixation of all time points was completed, the cells were permeabilized by incubating 

each well with 0.3% triton-X-100 in PBS for 5 minutes at room temperature followed by two 

washes with PBS. Subsequently, permeabilized cells were incubated at 4°C overnight in 3% 

Bovine Serum Albumin (BSA) in PBS for blocking unspecific antibody binding. The next day, 

blocked cells were incubated at 4°C overnight with antibodies against ATG8 (raised in the 

Coppens lab), and VPS4 (obtained from Dr. Yang Mei, Yale University School of Medicine) diluted 

in PBS with 3% BSA. Unbound 1° antibodies were aspirated and the cells were washed thrice for 

5 minutes at room temperature. Cells were then incubated for 1 hour at room temperature 
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protected from light with Alexa Fluor 647 and 488 conjugated secondary-antibodies diluted 

1:1,000 in PBS with 3% BSA. Once more, unbound 2° antibodies were aspirated and the cells were 

washed thrice for 5 minutes at room temperature protected from light. Before mounting in 

ProLong™ Diamond Antifade Mounting media (Invitrogen, P36965), the cells were incubated in 

1µg/ml 4′,6-diamidino-2-phenylindole (DAPI) nuclear stain in PBS for 5 minutes and washed twice 

with PBS. Immunofluorescence imaging was performed through a Zeiss AxioImager M2 

fluorescence microscope equipped with an oil-immersion Zeiss plan Apo 100x/NA1.4 objective 

and a Hamamatsu ORCA-R2 camera. Images were then analyzed with an iterative restoration 

deconvolution algorithm integrated into the VOLOCITY software (Quorum Technologies, 

Puslinch, ON, Canada) using an iteration limit of 30-35 and a confidence limit of 100%.    

Generation of transfection construct for PbVPS4 

VPS4-KO 

To understand the role of VPS4 during the sporozoite intrahepatic development, a 

knockout (KO) construct was developed using the pDEF plasmid provided by Dr. Photini Sinnis 

(Johns Hopkins University) as a backbone for molecular cloning. The pDEF plasmid backbone 

contains a human dihydrofolate reductase (hDHFR) selectable marker allowing the mutant 

parasite to tolerate pyrimethamine drug selection. The selectable marker was inserted into the 

P. berghei genome by replacing the VPS4 coding sequence through double-homologous 

recombination effectively generating a VPS4 gene deletion.  
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The VPS4 genomic locus is in the 13th chromosome of P. berghei and consists of a 1293bp 

coding sequence with a 1415bp 5’ UTR and a 637bp 3’ UTR. Furthermore, two large, conserved 

Plasmodium genes of unknown function are directly adjacent to the 5’ and 3’ UTR of VPS4 limiting 

the space available for genomic editing. Given the genomic spatial constraints, the primers for 

the VPS4-KO construct were designed to PCR amplify select sequences of the 3’ and 5’ UTR of 

VPS4 to be used as homology arms (Fig. 8).  

Experimental observation suggests that the efficiency of homology recombination 

depends on the length of the homology arms and that an optimal arm length ranging from 700-

1000 bps often maximizes the chances of complete construct integration into the genomic DNA. 

Therefore, primers 1,2 (Chart 1.) were designed to PCR amplify 1327 bp from the 5’ UTR of VPS4 

for the 5’ homology arm. On the other hand, primers 3,4 (Chart 1.) were designed to amplify a 

631 bp 3’ homology arm to avoid disruption of the unknown gene downstream.  

Truncated VPS4 Protein 

Given the anticipated lower recombination rate due to the length of the 3’ homology arm 

a variation of this construct was designed by annexing 534bp from the VPS4 coding sequence 

with primers 3,5 (Chart 1.) extending the 3’ homology arm to 1227 bp (Fig. 9). The extended 3’ 

homology arm would enhance the efficiency of integration and result in the translation of a 

truncated VPS4 protein lacking the ATPase domain essential for the hydrolysis of ATP that drives 

the scission of membranes. From here on we will refer to P.berghei parasite expressing a 

truncated VPS4 mutant as PbVPS4-KO.ext. 
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Once the homology arms were amplified, dual endonuclease digestion with KpnI/EcoRI 

was used to linearize the pDEF plasmid. Subsequently, the linearized plasmid was separated on 

agarose gel, extracted from the gel, purified, and joined with the 5’ homology arm through 

Gibson assembly.  The assembled construct was transformed into E. coli and streaked into 

100µg/mL ampicillin Luria-Bertani (LB) agar plates for positive selection. Positive bacterial clones 

were cultured, and plasmids were isolated for verification by restriction analysis as well as DNA 

sequencing. Once verified the plasmid containing the 5’ homology arm was linearized using dual 

endonuclease digestion with Hind III-Pst I, gel-purified, and joined with either the short or 

extended 3’ homology arm by Gibson assembly. The transformation and verification processes 

were repeated as before, and the identified plasmid was used as a template to amplify the 

completed construct with primers 1,4 (chart 1.) for VPS4-KO or primers 1,5 (chart 1.) for PbVPS4-

KO.ext.   

mEmerald-VPS4  

In addition to the KO constructs, a VPS4 reporter consisting of an N-terminus mEmerald 

tag connected via a 10 amino acid (aa) linker (5’-TCCTGCGGAGCCACCAGATCTGAGTCCGGA-3’) to 

VPS4 was designed (Fig 10). The mEmerald-VPS4 (mEme-VPS4) construct will facilitate the 

localization of VPS4 through the multiple stages of parasite development. Furthermore, the 

mEme-VPS4 construct will be used to compliment the knock-out and rescue the gene function of 

the PbVPs4-KO/ PbVPS4-KO.ext and to confirm the KO-specific phenotype.  

 

The assembly of mEmerald-VPS4 required the joining of 3 different PCR fragments via 

Gibson assembly. The structure of the reporter gene consists of 1327 bp from VPS4 5’UTR 
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amplified by primers 6,7 (chart 1.), a mEmerald tag with a linker amplified by primers 8,9 (chart 

1.) from the mEmerald-MAP4-C-10 plasmid (Addgene, Cat# 54152) obtained from Dr. Julia 

Romano (Johns Hopkins University), and 1924 bp from the complete VPS4 gene + 3’ UTR 

amplified by primer 10,11 (chart 1.).  Once assembled the construct was amplified by PCR using 

primers 6,11 (chart 1.) and PCR-purified before transfection. 

Transformation 

The assembled plasmid was added to a One Shot® TOP10 cells vial and incubated on ice 

for 30 minutes. Following a 30-second heat shock at 42°C, the cells were incubated in iced water 

for 5 minutes. Subsequently, the cells were diluted in 250µL of SOC (Super Optima borth with 

Catabolite repression) media and placed in a shaker incubator at 37°C for 1 hour. Lastly, different 

volumes were plated on an LB agar plate supplemented with 100 µg ampicillin and incubated 

overnight at 37°C. Obtained colonies were screened for the presence of recombinant plasmid by 

restriction analysis and sequencing. 

Transfection 

The transfection procedure of P. berghei (Fig. 11) requires a total of 1mL of mouse blood 

at a 3-5% total parasitemia for 3 transfection reactions. For our experiment, the blood was 

harvested by terminal cardiac stick (syringe introduced into an animal's chest wall) from Swiss-

Webster mice and cultured in vitro to synchronize iRBC at the schizont stage. The synchronization 

period requires 16-hr incubation in Corning™ RPMI 1640 medium supplemented with 20% FBS, 

2.5% HEPES, and 1% Neomycin in an incubator shaker at 37°C after 2-minute exposure to CO2 

gas. Furthermore, the development of the schizonts was monitored on blood smears before 

transfection. Subsequently, the linearized transgenic construct was transfected into large 
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schizonts with Lonza’s mouse T cell nucleofectorTM Kit and the U33 program in the AMAXA 

nucleofector II electroporator (Lonza, Cat# AAB-1001). Finally, transfected schizonts were 

immediately injected intravenously into naïve Swiss-Webster mice, and depending on the 

construct used the mice were placed under positive selection or monitored for a spike in 

parasitemia by blood smear. 

Mice infected with either VPS4-KO or VPS4-KO.ext transfected schizonts received 

70µg/mL pyrimethamine  in the drinking water, 1-day post-transfection. The drug treatment was 

continued for 9-days, and the growth of the parasite was monitored thereafter via blood smears 

for a spike in parasitemia until day 15. Blood from all infected mice were harvested by terminal 

cardiac stick. The harvested blood was used for PCR verification and the establishment of frozen 

stock. Conversely, mice infected with mEmerald-VPS4 did not undergo an initial drug selection 

stage, instead, the mice were monitored for a spike in parasitemia followed by blood harvest, the 

establishment of a liquid nitrogen stock for further PCR-verification, and fluorescence 

microscopic imaging. Fluorescent positive parasites will then be further flow-sorted for cloning 

purposes. 
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Results  

The intrahepatic development of Plasmodium within hepatocytes is depicted as an 

enigmatic period in which the sporozoite metamorphoses into a trophozoite after the onset of 

infection in the liver. Illustrations provided in Figures 4 and 5 links the clearance of microneme 

by exophagy to the development of the trophozoite within the liver. Furthermore, 

immunofluorescence imaging and colocalization analysis of ATG8, GRASP, and VPS4 lay the 

foundation for the hypothetical model depicted in Figure 6. Based on the exophagy model (Fig. 

6), VPS4 may be involved with the formation of amphisomes via the fusion of autophagosomes 

containing micronemes with MVB. VPS4 may also contribute with the fusion of amphisomes with 

the plasma membrane, which is important for microneme clearance and therefore the 

development of sporozoites within the hepatocyte. In consideration of the foregoing, the overall 

goal of this thesis project was to analyze VPS4 localization by IFA during liver stage and to 

generate a PbVPS4-KO mutant by gene deletion to further characterize VPS4 role through 

Plasmodium liver stage development. 

 

1. Analysis of Plasmodium liver-stage VPS4 by immunofluorescence microscopy  

Upon entry into the liver cell, the sporozoite undergoes morphological changes 

caused by the dismantling of the IMC. We monitored VPS4 distribution in mCherry-

labeled P. berghei using anti-Plasmodium VPS4 antibody throughout liver stage 

development. Our IFA also included immunostaining for PbATG8 that localizes to the 

apicoplast identifiable by ACP staining32, in addition to small vesicles and tubules. At 6 
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hpi, VPS4 staining looks vesicular, distinct from the cytosol signal of mCherry, suggesting 

VPS4 association with membranes. The VPSA signal was initially prominent in the 

perinuclear region (Fig. 7a) then the signal expands throughout the whole parasite 

cytoplasm (Fig. 7b) As the parasite body becomes more spherical, VPS4 staining enlarges 

12hpi occupying a large volume where the nucleus appears to bulge out (Fig. 8). In other 

organisms, VPS4 can be observed associated with endosomal membranes including MVB. 

In contrast, at 24 hpi VPS4 becomes a large tubulo-vesicular network, that partially 

overlap with PbATG8 (Fig. 9a & Fig. 9b). Interestingly at 48 hpi, the massive tubulo-

vesicular network containing VPS4 continues to expand as schizogony progresses (Fig. 

10). The Pearson-coefficients obtained from colocalization analysis of PbVPS4 and 

PbATG8 remained constant as the VPS4 network expands as illustrated by the mean in 

yellow pixels for PDM+ frames in figures 7-10. These observations highlight the expression 

of VPS4 throughout liver form development and reveal the association of VPS4 on 

membranes forming a very large network, with partial overlap with the apicoplast. 

  

2. Generation of a PbVPS4-KO  

The PbVPS4-KO construct for gene deletion by insertion of the hDHFR drug 

resistance cassette was built using the pDEF plasmid (Fig. 11). Two transfections were 

performed as illustrated in figure 8 and following this, parasites were injected into a Swiss-

webster mouse. Following drug selection, a diagnostic PCR was performed with the 

genomic DNA extracted from transfected parasites using the strategy described in figure 

14. The expected product bands of 2240 bp from primers 12,13 (Chart. 1) and 1360 bp 
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with primers 14,15 (Chart. 1) corresponding to the 5’ and 3’ homology arm respectively 

verifies the success of the transfection and the integration of the construct in the correct 

genomic locus. Lastly, the sequencing of PCR products validated the identities of PCR 

products. 

 

3. Generation of PbVPS4-KO ext. strain 

The PbVPS4-KO.ext construct resulting on a truncated VPS4 protein by insertion 

of the hDHFR drug resistance cassette was built using the pDEF plasmid (Fig. 12). Three 

transfections were performed as illustrated in figure 8 and each reaction was injected into 

a swiss-webster mouse. Following drug selection, a diagnostic PCR was performed with 

the genomic DNA extracted from transfected parasites using the strategy described in 

figure 15. The expected product bands of 2240 bp from primers 12,13 (Chart. 1) and 1894 

bp with primers 14,15 (Chart. 1) corresponding to the 5’ and 3’ homology arm respectively 

verifies the success of the transfection and the integration of the construct in the correct 

location. Lastly, the sequencing of PCR products validated the identities of PCR products. 

 

4. Generation of a Pb mEme-VPS4 DNA construct 

The PbmEme-VPS4 was designed based on the cloning strategy depicted in figure 13 to 

revert the knockout genotype previously created in both PbVPS4-KO and PbVPS4-KO.ext 

and to further analyze the localization of VPS4 live. The construct was verified by PCR 

using primers 6,11 (Chart. 1) to amplify the complete construct and the sequence was 

confirmed by DNA sequencing.  
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Discussion 

Asexual reproduction of malaria in the human host begins in the liver, where the 

sporozoite metamorphoses to a liver form. The metamorphosis of the parasite has been linked 

to the clearance of organelles necessary for the sporozoite but superfluous for the liver stage via 

an unconventional mechanism of secretion analogous to autophagy. Of the multiple possible 

candidates involved in the obscure process, VPS4 has been selected as the focal point for this 

thesis project for VPS4 role in secretory autophagy. Furthermore, VPS4 IFA appears to colocalize 

with proteins such as ATG8 and GRASP that have been shown to play a role in the unconventional 

secretion of micronemes.  

 In this dissertation, we provide IFA data showing the spatial distribution of VPS4 during 

liver stage development. The small vesicular pattern for VPS4 observed at 6 hpi becomes an 

impressive network as the trophozoite transforms into schizonts at 48 hpi. As the IMC is being 

dismantled VPS4 appears to localize perinuclearly and expands as the parasite rounds up. 

Furthermore, throughout schizogony VPS4 staining remains observable up to 48 hpi, indicating 

maintained expression of VPS4; at that time, the vast majority of micronemes have been expelled 

by the parasites. This suggests VPS4 participation in later stages of hepatic development. The 

mammalian VPS4 homologs are known to be involved in cytokinesis of the daughter cells and the 

maintenance or proliferation of the centrosome, therefore, becoming essential for normal cell 

division38. It is known that the late stages of schizogony are characterized by an extensive 

syncytium of mitotically active nuclei and pre-segmented tubular structures of the apicoplast and 

mitochondrion that are eventually segmented and distributed to the thousands of daughters 
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merozoites forming within the hepatocyte. Perhaps, the VPS4 mitotic role observed in 

mammalian cells could be important to the mitotic events occurring during schizogony. 

Regardless, the extensive network observed throughout liver-stage development suggests VPS4 

possible involvement in other processes. Our plans will be to monitor the fate of micronemes 

(using TRAP staining) conjointly with VPS4 staining, with the anticipation that VPS4 

compartments sequester micronemes for fusion with the parasite plasma membrane. It could 

also be interesting to identify the nature of the large network containing VPS4, for example ER 

or mitochondria makers as these 2 organelles form distinct tubular network during liver 

schizogony. We intend also to track by live microscopy the dynamics of mEmerald- tagged VPS4 

in parasites co-transfected with mCherry-ATG8 or mCherry-TRAP to verify our model in Fig. 6. 

 To characterize the function of VPS4 throughout Plasmodium metamorphosis we 

developed the PbVPS4-KO and PbVPS4-KO.ext parasites by complete and partial gene deletion 

respectively. Interestingly, deletion of VPS4 was not lethal during the blood-stage given the 

magnitude of the VPS4 network observed during liver development. Moreover, a clonal 

population must be obtained from both PbVPS4-KO and PbVPS4-KO.ext parasite to accurately 

characterize the effects of gene deletion in all aspects of the Plasmodium developmental cycle. 

Initially, a clonal population of both KO parasites should be used to characterize the phenotype 

of the mutation during blood-stage infection in mice. Subsequently, blood-stage parasites should 

be fed to mosquitoes to determine how the mutation affects oocyst development and sporozoite 

counts in the mosquito salivary gland. Finally, we should observe how the mutant sporozoite 

develops inside the liver cells if it occurs at all. We expect a delay or impairment in sporozoite 

organelle elimination in our VPS4 KO, which would confirm a role for VPS4 in establishing liver 
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infection. In addition, we predict major defects in parasite development throughout schizogony 

based on sustained VPS4 expression at least up to 48 hpi and large occupancy of VPS4-positive 

organelles in the parasite cytoplasm. 
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Figure Legend 

Figure 1  

 

Note. Adapted from “DNA repair mechanisms and their biological roles in the malaria parasite Plasmodium 
falciparum”, by Lee AH, Microbiol Mol Biol Rev. 2014 Sep;78(3):469-86. 
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Figure 1. Plasmodium Life Cycle  

 

In humans: The infected female mosquito inject sporozoites into the human dermis 

simultaneously as it probes for a blood vessel to feed on. In the dermis, few sporozoites quickly 

migrate into the vasculature and finally to the liver. In the vasculature, the sporozoites cross the 

sinusoidal barrier into the liver through cell traversal finally invading and settling in a hepatocyte. 

Within the hepatocytes, sporozoites experience drastic morphological changes as it becomes a 

replication-competent trophozoite. The trophozoite undergoes schizogony producing tens of 

thousands of blood infecting forms called merozoites. These merozoites then escape in a 

membranous sack called merosomes that rupture in the vasculature allowing the hepatic 

merozoites to exit and infect RBC. In the RBC, merozoites cycle through a ring, trophozoite, and 

schizont, producing up to 32 blood-stage merozoites. The merozoites rupture the iRBC to resume 

the cycle associated with malaria disease symptoms. Concomitantly, few iRBC commits to the 

production of the Plasmodium sexual stage known as gametocytes.  These gametocytes are then 

taken up by a blood feeding female mosquito where the parasite completes its sexual cycle of 

development. 

 

Mosquito midgut: The gametocytes in the blood meal when reach mosquito midgut transform 

into male and female gametes. When a male gametocyte fuses with female gametes it produces a 

zygote this zygote then metamorphose into a motile ookinete. The ookinete migrates from the 

luminal to the basal side of the midgut as it matures into an oocyst. Finally, the oocyst matures 

and ruptures releasing thousands of sporozoites that colonize the mosquito salivary gland and 

subsequently are injected into the human dermis during a blood meal to continue the asexual-cycle 

in the mammalian host.   

 



  

  
 

 27 

Figure 2  

 

Note. Adapted from “Cellular interactions of Plasmodium liver stage with its host mammalian cell.”, by Bano N, Int 
J Parasitol. 2007 Oct;37(12):1329-41. 
 

 

 

  

 

 

Figure 2. Sporozoite liver-stage development 

In the liver, the sporozoite recognizes hepatocyte surface molecules that promote the process of 

active invasion. As the sporozoite invades, 1) a parasitophorous vacuole initially constituted of 

host membrane components surrounds the sporozoite isolating it from the hepatocyte cytoplasm. 

In preparation for replication, 2) the sporozoite migrate close to the nucleus where it associates 

with the host-ER. Concurrently, the PMV becomes porous allowing small molecules to reach the 

developing sporozoite. Within the intrahepatic niche, 3) the parasite initiates biogenesis of the 

mitochondria, ER, as well as erythrocyte invasion organelles. Lastly, 4) cytokinesis occurs 

producing tens of thousands of liver-stage merozoites.  
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Figure 3  

 

Note. Adapted from “Metamorphosis of the malaria parasite in the liver is associated with organelle clearance.”, 
by Jayabalasingham B, Cell Res. 2010 Sep;20(9):1043-59. 
 

 

 

 

Figure 3.  Sporozoite liver-stage metamorphosis 

Upon invasion of the hepatocyte, the sporozoites experience a drastic transformation as it 

transitions to a replication-competent trophozoite. The sporozoite metamorphosis is driven by a 

chain of events: 

I) The dismantling of the IMC causes loss of structural rigidity and cytoplasm expansion.  

II) The compartmentalization of superfluous organelles and packaging of IMC into whorls. 

III) The expulsion of superfluous organelles and IMC whorls. 

IV) The end of metamorphosis and the beginning of organelle biogenesis are required for 

rapid growth. 
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Figure 4 

 
Note. Jayabalasingham B, Bano N, Coppens I. Metamorphosis of the malaria parasite in the liver is associated with 
organelle clearance. Cell Res. 2010 Sep;20(9):1043-59. doi: 10.1038/cr.2010.88. Epub 2010 Jun 22. PMID: 
20567259; PMCID: PMC4137911. 

 

 

 

 

Figure 4. Metamorphosis of sporozoites and microneme elimination 

(A)Scanning EM on converting P. berghei sporozoite maintained axenically reveals a bulge in the 

median region of the parasite that gradually expands while the two distal ends of the sporozoite 

retract and eventually disappear, leading to parasite sphericalization.  

Bars, 1 µm. (B) shows that the bulbous region corresponds to the nucleus that protrudes, 

subsequently to the detachment of the IMC. Bars, 1 µm. (C) Immunofluorescence assays (IFA) on 

intrahepatic GFP expressing P. berghei using anti-TRAP antibody (Red). The IMC is expulsed in 

the parasitophorous vacuole (PV) by converting parasites as the parasite rounds up. This shape 

change is concomitant with the clearance of micronemes and rhoptries, unnecessary for parasite 

replication. Like the IMC, micronemes are expelled by converting parasites, as illustrated by the 

micronemal TRAP immunofluorescence staining that gradually disappears as sorozoite 

metamorphose into a trophozoite. 
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Figure 5  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Note. Jayabalasingham B, Voss C, Ehrenman K, Romano JD, Smith ME, Fidock DA, Bosch J, Coppens I. 
Characterization of the ATG8-conjugation system in 2 Plasmodium species with special focus on the liver stage: 
possible linkage between the apicoplastic and autophagic systems? Autophagy. 2014 Feb;10(2):269-84. doi: 
10.4161/auto.27166. Epub 2013 Dec 12. PMID: 24342964; PMCID: PMC5396099.. 
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Figure 5. Colocalization of PbATG8 with micronemal TRAP protein 

(A) Double IFA using anti-TRAP and PbATG8 antibodies om intrahepatic P. berghei 12 h p.i., 

showing colocalization and TRAP staining surrounded by PbATG8 structures (inset). (B) Double 

IFA using anti-PbATG8 and ACP antibodies of intrahepatic P. berghei 22 h p.i., showing 

colocalization. (C) ImmunoEM of intrahepatic P. berghei using anti-PbATG8 antibody, showing 

gold particles on the outermost membranes of the apicoplast (api, arrows). Bars, 100 nm 
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Figure 6  

 

Note. Voss C, Ehrenman K, Mlambo G, Mishra S, Kumar KA, Sacci JB Jr, Sinnis P, Coppens I. Overexpression of 
Plasmodium berghei ATG8 by Liver Forms Leads to Cumulative Defects in Organelle Dynamics and to Generation of 
Noninfectious Merozoites. mBio. 2016 Jun 28;7(3):e00682-16. doi: 10.1128/mBio.00682-16. PMID: 27353755; 
PMCID: PMC4937212. 
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Figure 6. Possible model of exophagy based on IFA colocalization experiment. 

(A) In this model, the apicoplast supplies PbATG8-containing membranous structures to generate 

phagophores (step I); micronemes are sequestered into phagophores and autophagosomes (step II); 

GRASP is transported from the Golgi to autophagosomes for membrane fusion (step III); 

autophagosomes fuse with multivesicular bodies (MVB) to form amphisomes (step IV); 

amphisomes fuse with the plasma membrane for microneme release into the PV (step V) and 

microneme are degraded within the PV (step VI). (B) Triple IFA using anti-ATG8 (Green), anti-

GRASP (Blue) and anti-VPS4 (Red) antibodies on intrahepatic P. berghei 22 h p.i., showing 

significant association of ATG8, GRASP, and VPS4 on same structures. 
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Figure 7a 

 

 

 

 

 

 

 

 

 Figure 7a. Sporozoite liver stage development 6hpi 

mCherry-expressing P. berghei parasite imaged by fluorescent microscopy 6 hours post infection 

of Hepa 1-6 cells. (VPS4) Multivesicular bodies, (ATG8) apicoplast/autophagic structures, 

(PDM+) image of the product of differences from the mean of VPS4 and ATG8 intensity, 

(mCherry) cytoplasm, and (DAPI) nucleus. 
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Figure 7b 

 

 

 

 

 

 

Figure 7b. Sporozoite liver stage development 6hpi 

mCherry-expressing P. berghei parasite imaged by fluorescent microscopy 6 hours post infection 

of Hepa 1-6 cells. (VPS4) Multivesicular bodies, (ATG8) apicoplast/autophagic structures, 

(PDM+) image of the product of differences from the mean of VPS4 and ATG8 intensity, 

(mCherry) cytoplasm, and (DAPI) nucleus. 
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Figure 8 

 

 

 

 

 

 

 

 

Figure 8. Sporozoite liver stage development 12hpi 

mCherry-expressing P. berghei parasite imaged by fluorescent microscopy 12 hours post infection 

of Hepa 1-6 cells. (VPS4) Multivesicular bodies, ATG8) apicoplast/autophagic structures, (PDM+) 

image of the product of the differences from the mean of VPS4 and ATG8 intensity, (mCherry) 

cytoplasm, and (DAPI) nucleus. 
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Figure 9a 

 

 

 

 

 
Figure 9a. Sporozoite liver stage development 24hpi 

mCherry-expressing P. berghei parasite imaged by fluorescent microscopy 24 hours post 

infection of Hepa 1-6 cells. (VPS4) Multivesicular bodies, ATG8) apicoplast/autophagic 

structures, (PDM+) image of the product of differences from mean of VPS4 and ATG8 intensity, 

(mCherry) cytoplasm, and (DAPI) nucleus. 
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Figure 9b 

 

 

 

 

 

 

Figure 9b. Sporozoite liver stage development 24hpi 

mCherry-expressing P. berghei parasite imaged by fluorescent microscopy 24 hours post infection 

of Hepa 1-6 cells. (VPS4) Multivesicular bodies, ATG8) apicoplast/autophagic structures, (PDM+) 

image of the product of differences from the mean of VPS4 and ATG8 intensity, (mCherry) 

cytoplasm, and (DAPI) nucleus. 
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Figure 10 

 

 

Figure 10. Sporozoite liver stage development 48hpi 

mCherry-expressing P. berghei parasite imaged by fluorescent microscopy 48 hours post infection 

of Hepa 1-6 cells. (VPS4) Multivesicular bodies, ATG8) apicoplast/autophagic structures, (PDM+) 

image of the product of differences from the mean of VPS4 and ATG8 intensity, (mCherry) 

cytoplasm, and (DAPI) nucleus. 
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Figure 11 

 

 

 

 

 

 

Figure 11. PbVPS4-KO Cloning Strategy 

 The PbVPS4-KO construct was generated using the pDEF E. coli plasmid backbone which 

contains a hDHFR drug selection cassette flanked by the 5’ UTR and 3’ UTR of VPS4 to promote 

homologous recombination of hDHFR cassette into the genome of P. berghei (Pb) ANKA. The 

selected sequences in the homology arms were amplified by PCR from the gDNA of Pb ANKA 

using primers P1/P2 and P3/P4 and inserted upstream and downstream of the drug selection 

cassette via Gibson assembly. Following transfection and positive selections, primers 12-15 were 

used to confirm insertion of the PbVPS4-KO into the correct genomic locus. 
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Figure 12 

 

 

 

 

 

 

 

Figure 12. PbVPS4-KO-ext Cloning Strategy 

The PbVPS4-KO-ext construct was generated using the pDEF E. coli plasmid backbone which 

contains an hDHFR drug selection cassette flanked by the 5’ UTR and fragment of the VPS4 coding 

sequence appended to the 3’ UTR of VPS4 to promote homologous recombination of hDHFR 

cassette into the genome of P. berghei (Pb) ANKA more efficiently when compared to the PbVPS4-

KO construct. The selected sequences in the homology arms were amplified by PCR from the 

gDNA of Pb ANKA using primers P1/P2 and P5/P4 and inserted upstream and downstream of the 

drug selection cassette via Gibson assembly. Following transfection and positive selections, 

primers 12-15 were used to confirm insertion of the PbVPS4-KO-ext into the correct genomic 

locus. 
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Figure 13 

 

 

 

 

 

 

 

 

Figure 13. mEmerald-PbVPS4 Cloning Strategy 

The reporter VPS4 construct is comprised of a mEmerald (mEme) tag joined to the N terminus of 

the VPS4 protein by a 10 amino acid linker. The mEmerald protein, the linker, and the homology 

arms were PCR amplified with primer 6-11 and merged by Gibson assembly. The insertion of the 

assembled construct into Pb ANKA gDNA is facilitated by two homology arms, the 5’ UTR and 

the VPS4 gene together with the 3’ UTR. Ultimately, the resulting construct will be inserted into 

the PbVPS4-KO to compliment the VPS4 knock-out. 
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Figure 14 

 

 

 

 

 

 

Figure 14. Generation of transgenic knockout parasites. 

 Naïve swiss-webster mice were infected with Pb ANKA strain intravenously. Once the parasitemia 

had reached 3-5% the infected blood was harvested by terminal cardiac stick and cultured in RPMI 

1640 medium to synchronize iRBCs at the schizont stage. Schizonts were resuspended in 

nucleofection solution containing the KO-plasmid construct and transfected with the AMAXA II 

Electroporator. The transfected schizonts were injected into swiss-webster mice intravenously and 

placed under pyrimethamine selection for 9 days. The surviving parasites were analyzed by 

diagnostic PCR and genetic sequencing to determine successful integration of recombinant DNA 

and deletion of VPS4 locus. 
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Figure 15 

 

 

 

 

 

 

 

Figure 15. PbVPS4-KO Diagnostic PCR 

Two swiss-webster mice were injected with parasites transfected with the PbVPS4-KO construct. 

Subsequently, the drug-resistant parasites were released from the RBC with a saponin-lysis and 

were used for gDNA extraction. The successful integration of the construct within the native VPS4 

locus was confirmed by diagnostic PCR with primers against the flanking genes upstream and 

downstream and the hDHFR cassette. Primer pair P12/P13 amplified a 2240bp segment that begins 

at the gene adjacent to the 5’ UTR confirming the insertion at the correct locus and ending at the 

hDHFR cassette confirming the presence of the resistance cassette within the gDNA. Similarly, 

Primer Pair P14/P15 amplified a 1360bp segment that begins at the hDHFR cassette and ends at 

the gene adjacent to the 3’UTR. Furthermore, the amplified segments were sequenced to validate 

the inserted sequence. The loading map is represented as follows: L: 1Kb DNA Ladder, WT: gDNA 

template from WT Pb ANKA, M1-M2: Transfected parasites from two mice receiving independent 

transfection.. 
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Figure 16 

 

 

 

 

 

 

 

Figure 16. PbVPS4-KO-ext Diagnostic PCR 

Three swiss-webster mice were injected with parasites independently transfected with the PbVPS4-

KO-ext construct. Subsequently, the drug-resistant parasites were released from the RBC with a 

saponin and were used for gDNA extraction. The successful integration of the construct within the 

native VPS4 locus was confirmed by diagnostic PCR with primers against the flanking genes 

upstream and downstream and the hDHFR cassette. Primer pair P12/P13 amplified a 2240bp 

segment that begins at the gene adjacent to the 5’ UTR confirming the insertion at the correct locus 

and ending at the hDHFR cassette confirming the presence of the resistance cassette within the 

gDNA. Similarly, Primer Pair P14/P15 amplified a 1360bp segment that begins at the hDHFR 

cassette and ends at the gene adjacent to the 3’UTR. Furthermore, the amplified segments were 

sequenced to validate the inserted sequence. The loading map is represented as follows: L: 1Kb 

DNA Ladder, M1-M3: Transfected parasites from 3 individual mice, WT: gDNA template from 

WT Pb ANKA. 
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